The use of treated wastewater (TW) for irrigation is increasingly being considered as a technical solution to minimize soil degradation and to restore nutrient content of soils. Indeed, TW usually contain large amounts of nutrient elements. The objective of this study is to evaluate the impact of long-term irrigation by TW on soil fertility under real field conditions. In the vicinity of the city of Sfax, a semi-arid region, a calcisol field has been irrigated for more 15 years with organic sodic TW; soil was modeled at three different depths (0 -30, 30 -60 and 60 -90 cm) and along soil pits in the TW irrigated zone and in a nearby non-irrigated zone (control). Several parameters have been measured: Soils pH, CEC, exchangeable cations, nitrate and ammonia, total contents of nitrogen, phosphorus and other essential macro and micro nutrients, electrical conductivity, soil organic carbon and dissolved organic carbon. C/N ratio and SUVA were calculated for each soil layer. The calculation of the isovolumic mass balance on soil profile scale was used to measure macro and micro nutrients supply. The TW irrigation has led to important supply in organic carbon (+100%), phosphorus (+80%) and in most essential nutrients (N, Mn, Zn). Due to the high rate of irrigation and low CEC of the studied soil, the added nutrient cations and nitrate are removed with leaching waters compared to the non-irrigated control soil. Moreover, Sfax's TW bring about important amounts of salts and Na. Therefore the beneficial addition of nutrients could quickly be inhibited by the excessive supply of salts and available nitrogen. Apart from future crops production risk, groundwater degradation quality and soil fertility will be endangered over the long term.
INTRODUCTION
In arid and semi-arid regions of countries such as Tunisia which are facing rising serious water shortage problems, the reuse of urban wastewater for non potable purposes, such as agriculture [1] [2] [3] has became an usual practice. Indeed, wastewater reuse for irrigation has been the largest field of application because it usually offers some attractive environmental and socio-economic benefits, mainly due to the reduction of effluent disposal in receiving water bodies, to the supply of nutrients as fertilizers, and to the improvements in crops production during the dry season [4, 5] . Benefits apart, planners are aware of the potential disadvantages of wastewater reuse for irrigation which are, aside from pathogenic contamination of irrigated crops, mainly related to the specific chemical composition of wastewater being somewhat different from most natural waters used in irrigation [6] . Over time, wastewater irrigation affects some soil parameters. Increase in soil pH is observed in acidic soils [7, 8] , whereas slight decrease of pH is mentioned for alkaline soils [5, [8] [9] [10] [11] . In alkaline calcarous soils, the sligh acidification is due to the leaching of limestone by the leaching water [10] . Wastewater can also supply ammonia anion to soil which is another source of soil acidification [11] . In general, the decrease of pH is also explained by the low C/N ratio of effluents and the subsequent enhancement of the organic mineralization substances [7, 10] . Wastewater irrigation thus usually leads to macro and micro nutrients supply [5, 11] which stimulates the microbial activity [12, 13] and promotes the mineralization of the soil organic matter. This can lead to the decrease of the soil cation exchange capacity [7, 10] and mitigate the soil buffer capacity. By the same way, wastewater usually contains elevated concentrations in metal elements such as Mn, Cu and Zn which constitute essential micro nutrients for plants. Over time, the same elements can accumulate in the organic topsoil layer in such manner that they reach their critical level for plant growth.
Hence, the use of wastewater for irrigation of crops requires assessment of the balance in supply of macro and micro nutrient over the long-term. Most of previous mentioned studies recorded impacts on contents in macro and micro nutrients without any regard for changes in the total store of these elements in soil. Moreover, specific studies dedicated to highlight long-term impacts (along several decades) have involved soils that have been irrigated by untreated domestic effluents or municipal wastewaters (Rattan et al. [8] : 10 and 20 yr; Yadav et al. [5] : 30 yr; Solis et al. [10] : 50 and 100 yr). Thus, the treatment of wastewater has been generalized after the heighties on the spur of the F.A.O. guidelines for application in agriculture [4] . The treatment of urban effluents modifies their nutritional value, it is thus of great concern to assess whether the irrigation with treated wastewater (TW) still improves the soil quality or it could cause degradation to its fertility over the long term.
The objectives of this study are to evaluate the changes in soil fertility and to balance its essential elements in response to 15-year-long treated wastewater irrigation (TW) within the city of Sfax (the second largest city in Tunisia). In this arid region, there are many signs of extremely low groundwater levels which were registered over the last three decades due to the increasing number of wells especially used for irrigation of crops [14] . Treated wastewater in Sfax has thus been used for irrigation since 1989. From that period, the irrigation perimeter has regularly been expanded as to reach the area of 600 ha. New extension of the area irrigated by wastewater is planned for twice over its present surface. This study is a part of a research program which aims at evaluating the impact of wastewater application on both soil and crops properties in the arid region of Sfax. The overall goals are to aid management of crop irrigation by wastewater, to reduce overexploitation of the local groundwater resources and to improve the water recharge of groundwater. Belaid et al. [15] have evidenced negative impact on the soil salinity and sodicity, especially in the northern part of the irrigation perimeter covered by a deep permeable fluvisol. Therefore, soil salinization and sodification are mitigated by the amount of exchangeable calcium in irrigated calcisol fields [15] . The present study thus focuses on this type of calcareous soils, which is mostly found in the Southern part of the irrigation perimeter.
MATERIALS AND METHODS

Study Area
The study area is settled at ten kilometres in the West next to the sewage treatment plant (Figure 1 ) near to the town of Sfax (approximately with one million of habitants) in crop fields, which are currently irrigated with treated wastewater whose plant receives domestic as well as industrial effluents from mainly canning factories and textile production. The region has an arid climate with monthly air temperature ranging from 11.3˚C to 26.7˚C, dry summer and annual rainfalls of 200 mm mostly occurring from October to December. The average annual potential evaporation of 1200 mm, combined with the low rainfall and high temperatures makes irrigation essential for crop production.
The present survey has been carried out in the area of the irrigation perimeter that is covered by a calcisol (according to the FAO World Reference Base for soil resources [16] ). This soil presents an isohumic character and shows a homogeneous sandy to sandy loam texture.
As shown in Table 1 , the selected area produces alternate cycles of crops, in association with permanent harvesting of olives, with successive winter and summer harvest of annual crops (oat, sorghum) sectioned every 10 years by a 3-year-long cropping of alfalfa. This kind of cropping system requires irrigation by open surface furrows distributed every 24 m in-between each row of olive trees. The soil has been submitted to wastewater irrigation for 15 years. In order to assess the effects of the wastewater, a nearby field is taken as a control area which produces only olives and has been preserved from any source of irrigation (Figure 1) . 
Irrigation system
Surface irrigation by furrows -
Irrigation duration 15 years -
Number of cores sampled 7 1 carbonates and bicarbonates were estimated by titration with HCl of an aliquot of the effluent samples (AFNOR N˚ NF EN ISO 9963-2 [17] ). Soil sampling was performed in October 2006 after the harvest of summer crops and before the seeding of winter crops. Two soil sampling survey have been carried out. The first one concerned each horizon of soil that has been identified along pedological profiles drilled in the control area and in the irrigated field whereas the second sampling was done on plots covered by summer crops only by 30 cm thick soil layers using an Edelman-type auger. In order to account for spatial variations of soil texture and depth, 7 replications were performed in the irrigated field (IWC1 to IWC7). The control area was too small to allow such replications (NIC). Only 2 soil layers down to the depth of 60 cm were sampled in the control field as well as in the replication site IWC5 because of the occurrence of a concrete calcareous crust at depth of 60 cm. This crust of sedimentary origin is irregular and has been generally dismantled in the irrigated field in order to help infiltration of irrigation waters, except in the control area, which has never been irrigated.
After air-drying, the soil samples were sieved at 2 mm. Soil pHw and pHKCl were measured in a 2.5 soil to water/KCl 1 M slurry using a glass electrode. Saturation paste extracts of soils were prepared to determine the electrical conductivity of the soil samples (ECs). Soil samples CEC and contents in exchangeable cations were determined at actual soil pH by the cobaltihexamine method [18] . In calcareous soils, Belaid et al., [15] evidenced that the cobaltihexamine method provided more accurate values than the more usual method using 1 M NH 4 acetate solution [19] because of lesser dissolution of carbonates. Concentrations in Ca and Mg were performed by Atomic Absorption Spectrometry (AAS) while Na and K concentrations were determined by Flame Atom Emission Spectrometry (FAES).
NO 3 and NH 4 concentrations were measured in water soluble extracts using ionic chromatography (DIONEX DX-120) after water extraction using 1:5 soil to water ratio for 2 h. Total nitrogen was determined by steam distillation after acid digestion using the Kjeldal procedure. Soil organic carbon (SOC) was determined by the Walkley and Black dichromate oxidation method. Water soluble organic C, which is further referred to as dissolved organic carbon in this paper (DOC), was extracted with deionized water using a 2:1 (water to soil) ratio by shaking at fixed temperature during 3 hours [20] . The extracts were filtered using 0.22 mm filters and DOC concentration was measured using UV-persulfate oxidation on a TOC analyzer (TEKMAR DOHRMANN Phoenix 8000). UV absorption at 254 nm was measured using a Varian CARY 50 Probe UV-visible spectrophotometer. DOC quality; in terms of aromaticity of organic compounds, was determined as specific ultra violet absorbance (SUVA) which was calculated by dividing the absorbance at 254 nm by the DOC.
Statistical Analysis
One-sample T-test was used for comparing mean values obtained from replicates of measurements at an irrigated site to the values measured at the corresponding non irrigated control one. All measured values correspond to the average composite samples. However, due to the limited area of the control sites, and since the sampling was limited to the central part of them in order to avoid any influence of the neighbouring irrigation then in the absence of sampling replicate in the control area, no variance can be associated with the control values.
Hence, we have assumed that the values of the control site represent exact means to be compared with the variance of the mean values (N = 7) measured at the corresponding irrigated site. Variance is expected to be larger in the irrigated zone than in the corresponding control one, so that the following sample T-tests can be considered as conservative: mean of TWE irrigated replicated values-control value standard deviation of TWE irrigated replicated values T  A unilateral T-test was used to calculate the parameters, which are clearly increased or decreased after the irrigation by the treated wastewater (ECs, Exchangeable cations, NO 3 and NH 4 ). Whereas the bilateral T-test was chosen to identify parameters presenting no obvious response to the irrigation (pH, CEC, SOC). The global risk increases with the number of simultaneous tests performed. Therefore, we have also adopted a more severe individual rule than the usual one to minimize the increase of the global risk; the differences are considered significant when p < 1% instead of p < 5%. In case of p ranging between 1% < p < 5%, we conclude that the differences have to be confirmed. The T-tests were performed using SYSTAT Software version 12 http://www.systat.com/Store.aspx.
RESULTS
Treated Wastewater Characteristics
During the wastewater survey, the applied treated wastewater (TW) was always remained alkaline with an average basic pH value of 7.7 ( Table 2) . It also always presented a high level of total dissolved solids (TDS) of 3.7 g·L . The mean electrical conductivity (EC) of effluents reaches 5.7 mS/cm. The sodium absorption ratio (SARw) of the treated wastewater ranges between 9.7 and 15.6. Theses parameters are higher than the usual ranges reported for other Tunisian TW [20] of similar mixed origins (industrial and domestic) than those of the Sfax TW. The Sfax' TW also contains great amounts of nitrate, phosphate and potassium which are crucial nutrients for plant growth and soil fertility.
TW Irrigation Impacts on the Soil Proprieties
In all sampling points in the irrigated field ( Table 3 ) and in the two soil profiles, the pH (pH w and pH KCl ) of the soil water extracts remains alkaline at all depths (Table 4). There are no significant differences in soil pHw between the wastewater irrigated calcisol and the control calcisol.
By the same way, there are no significant differences in the contents of exchangeable Ca 2+ between the irri- Table 3) . These increases are very significant in the upper soil layer and can be attributed to the relatively high concentrations of the Sfax TW in these cations ( Table 2 ). In the deepest layer, the same intensifications may have been enhanced by the wastewater drainage through the ripping of the carbonate crust in the irrigated field. The examination of the electrical conductivity of the saturation paste soil extracts (ECs) approves that 15-year long irrigation period by the Sfax TW results in significant supply of ion into the calcisol (Table 4) , even in the deepest layers. As a consequence, soil salinity was up to 4 mS·cm −1 at all depths, and sometimes exceeded this level.
Analyses of the ammonium and nitrate concentrations in the soil water extracts and of the soil organic carbon also reveal the impact of the irrigation by the Sfax TW. In the irrigated soil, the contents in extractable NH 4 + remain low and never exceed 0.1 cmol + ·Kg −1 in the dry soil (Table 3) . However, as with the other base cations origin-nating from the applied wastewater, the NH 4 + contents of the soil generally increase with depth and are significantly higher in the irrigated soil compared to the non irrigated one (Table 3) . Similarly, significant contents in extractable nitrate are found in the deepest 60 -90 cm layer of the irrigated soil confirming drainage by the added TW ( Table 3) . Although much more variable than ammonia, the nitrate contents of the soil water extracts are also systematically higher in the irrigated soil than in the non-irrigated one. Soil organic carbon contents (SOC) follow similar trends with values decreasing with depth in the irrigated soil (Tables 3 and 4) .
According to the isohumic natureof the studied calciol, SOC contents are elevated reaching 0.8%. Contents s in organic carbon are not significantly higher in the irrigated soil than in the control one (Table 3) . However, the same values around 0.4% are found in the two studied soil layers of the non irrigated calcisol while SOC contents are generally higher in the surface layer than in the deeper one in the irrigated soil. This indicates the supply of organic carbon by the irrigation by the treated wastewater. The examination of the DOC, C/N ratio and SUVA (Table 5 ) highlights the impact of the TW irrigation on soil organic matter quality (SOM). The C/N ratio ranges between 20 and 36 in the irrigated calcisol whereas it remains around 70 in the control site. This indicates an acceleration of the SOM humification in the irrigated field compared to the non irrigated one. The DOC content of the soil water extract, which is related to the fraction of labile carbon, is three times higher in the irrigated calcisol than in the control. By the same way, the fraction of aromatic carbon as estimated by the SUVA ratio is more important in the calcisol that has been submitted to the wastewater irrigation for 15 years.
Quantitative Supply in Macro and Micro Nutrients by the TW irrigation
Isovolumic mass balance was calculated in order to quantify the supply of micro and macro nutrients by the 15-year-long TW irrigation. Organic carbon, total nitrogen and phosphourous, as well as essential cations pools were expressed in mass per unit of soil area ( Table 6 ) using thickness and bulk density of each horizon of soil as employed by Keller and Védy [21] . The percentages of pool change were calculated between the two surficial horizons in reference to the equivalent thickness of the deepest horizon of soil by assuming a conservative element. It was thus assumed that the deepest horizon of soil has not been impacted by the treated wastewater (Table 4) .
Similarly, the equivalent deep scope of reference was found by using Si and Ti as conservative elements: 31 cm and 40 cm for the irrigated and the control area respectively. A negative pool change reflects a loss of elements from the H1-H2 horizon to the H3 while a positive value reflects a gain. However, because of the risk of error accumulation, a 15% range of uncertainty has to be considered especially for micro nutrients (Mn, Cu, and Zn). Results show no variation in the change of K, Fe and Cu between the control and the irrigated pedons (Table 6) . Conversely, significant differences appear for other essential elements. Compared to the control pedon, the irrigated pedon shows switch in Ca and Na due to the supply of sodium by the TW. Mn and Zn are less preserved in the irrigated soil profile. Concerning amounts of SOC, P and N ( Table 6) , results indicate that the irrigation by the Sfax TW has mitigated the loss in total nitrogen and increased the pool in organic carbon and in total phosphorus.
DISCUSSION
Impact of Irrigation on the Soil Macro and Micro Nutrients
The quality of the Sfax treated wastewater (TW) has varied since 1984. However, values of parameters indicating the salinity (ECw, Cl) and the sodicity (SAR, Na) remained largely superior to the limits established by the F.A.O. [4] for the reuse of wastewater in agricuture. Aside salts and sodium, the Sfax TW concentrations in dissolved organic carbon, BDO 5 and suspended matter exceed the Tunisian standards for water reuse in irrigation (NT 106.03). Compared to other treated urban effluents from Sardinia, Tunisia and Jordan respectively [6, 11, 22] , the Sfax TW also provide higher concentrations in macro nutrients such as ammonia, nitrate, total phosphorus and potassium ( Table 2) . Nevertheless, concentrations in nitrate, phosphorous and potassium are much lower in the Sfax TW than in untreated wastewater [5] . The quantitative mass balance results obtained in the irrigated and not irrigated fields (Table 6) shows the effects of the Sfax's TW properties. Indeed, the 15 yearlong irrigation period does not lead to change the pools in Mg, K, Cu and Fe. Conversely, it has increased the pools of SOC (+100%) and of total P (+80%) in the topsoil layer compared to the subsoil level. Likewise, the TW irrigation has led to preservation of 50% of the pool in total N. Consequently, concentrations of available mineral nitrogen ( Table 3) . The nitrate and ammonium can either be directly brought by the wastewater or indirectly by the turnover of the organic matter and subsequent N mineralization.
In the case study, results suggest simultaneous increases in the organic pool (cf. Tables 5 and 6 either for SOC and total Nitrogen) and in the rate of organic matter turnover (cf. Table 4 for nitrate and ammonia and Table  5 for DOC) indicating enhancement of the C and N mineralisation. Such impacts have already been noticed in incubation experiments [23] for loamy Appalachian forest soils (Typic Hapludult) that have been irrigated with a municipal treated wastewater for two years. The used treated wastewater contained similar nitrate (19.4 mg·L ). However, the enhancement of the N mineralization by TW irrigation is not systematic. Ramirez-Fuentes et al. [13] has not recorded any changes in the N turnover during the incubation of various Mexican types of soils irrigated with untreated wastewater. Magesan et al. [12] have even noticed a reduction of the amount of leached nitrate for soil irrigated with TW. As mentioned by Herpin et al. [7] TW impacts on the nutrients turnover are mostly influenced by the difference between the C/N ratio of the soil and of the wastewater effluent.
In the studied case, the enhancement of the organic C and N mineralization can be explained by the quantitative variations in pools of micro nutrients. Mn and Zn are thus both known to be associated with soil organic matter. The rise of the SOM turnover has certainly intensified the availability of these micro nutrients turnover and facilitates their uptake by plants. Such kind of dependence between the turnover of soil organic matter and Zn translocation to the aerial parts has already been observed in other soil types (Andic soil) [24] . As opposed to the irrigated field, the control area is not used for annual crops production. The cultural differences between the irrigated and the non-irrigated field thus make it difficult to interpret data because the sum of essential nutrients uptaken by plant is certainly much lower in the control area than in the irrigated field.
Impacts of Irrigation on the Soil Organic Matter Quality
Several parameters have to be considered altogether in order to understand the impact of the TW irrigation on the quality of the soil organic matter ( Table 5) : C/N ratio, total content of dissolved organic carbon (DOC) and specific UV absorption ration (SUVA).
In the irrigated topsoil layer (0 -30 cm), the soil C/N ratio is low compared to those of non-irrigated soil, implying an enhancement of the SOM biodegradability. This is confirmed by the amount of DOC extracted from the irrigated soil samples. The SUVA was originally designed for estimating amounts of aromatic C in DOC fraction in waters [25, 26] . It has been successfully used to compare these overall quantities in humic substances of waters as well [27] . The latter aromatic C fraction can be sought for assessing water contamination by halogenorganic compounds [28] . In soil, aromatic C fraction is considered as being more stable than the labile DOC soil fraction made of proteins or carbohydrates [29] . Thus, a high SUVA value of the soil DOC fraction reveals a more important consumption of the labile C fraction by the soil microbial communities [30] . This not only indicates a higher degree of degradation of the labile organic matter, but also a change in the SOC quality. Korshin et al. [31] stated that the absorbance at 254 nm is even increased by the presence of polar functions in aromatic compounds, such as by hydroxyls, carbonyls, carboxylic and ester functions. An elevated SUVA ratio can therefore also outlines the SOM reactivity or its ability to form combinations with the soil mineral fraction.
As mentioned in the previous studies, the input of available micro nutrients and labile fraction of organic C by TW irrigation can over stimulate the microbial activity of the soil [12, 13] . In adequate soil conditions, this results in an enhancement of the C mineralization rate, with subsequent decrease of the total SOC content in less than 4 years of TW [7] . Yet, inconsistent results are found over the long term. In Mexican Leptic calcaric soil [10] , the irrigation for 50 years with untreated wastewater has depleted the SOC content in rate of 53% whereas in India (various soil types of pH w ranging between 5.1 to 9.9), Rattan et al. [8] recorded an increase of the SOC content in rate of 59% after 20 years of irrigation with untreated effluents.
In the case study, the combination of values of C/N ratio, DOC, SUVA and SOC contents clearly reveals an enhancement of the organic material turnover in the irrigated soil compared to the non irrigated one. However, despite the DOC supply in large amounts by the Sfax's TW (Table 2) , the irrigation of the studied calcisol has not systematically implied changes in the total content of soil organic carbon (SOC), compared to the non irrigated soil ( Table 3) . Huge variability of SOC contents are indeed noticed in the topsoil layer of the irrigated field, so that the mean values are not statstically different from the reference value of the non irrigated field ( Table 3) . This result suggests the influence of contradictory processes to the organic matter mineralization.
It has to be noticed that the Sfax's TW are particularly rich in salt and sodium. Chow et al. [25] have perceived that the soil salinisation and sodification affects the SOM structure as to decrease the DOC content in the leaching soil waters. As shown in Figure 2 , a significant negative correlation is indeed found between the soil ECs and the DOC in the irrigated soil (R = −0.63, p < 0. 05). Romkens and Dolfing [32] explained that free Ca 2+ cations exchanged by the added Na + flocculate more than 50% of the soil DOC. Rietz and Haynes [33] added that the increase of the soil salinity leads to an inhibition of the soil microbial activity, and thus to significant decrease of the SOM mineralization. Likewise, the latter contents stabilization takes place in the studied calcisol corresponding to its mineralization enhancement by means of TW' application. Subsequently, this procedure tends to explain the variability of resulting contents of SOC in the irrigated field ( Table 5) . Over the long term, salt-inducing SOM stabilization can also lead to a decrease of crop yields [33] .
The Risk of Fertility Loss over the Long Term
Over the long term, salt-inducing SOM stabilization can lead to decrease of crop yields [33] . The relationship between salinity of irrigated soils (ECs) and their content in labile carbon (DOC) thus gives an insight of further risks of soil losses of the studied calcisol fertility afterwards (Figure 2) . The relationships between nitrate, ammonium contents and the evolution of the quality of the soil organic matter (as seen by the C/N ratio, SUVA and DOC contents in soil water extracts) suggest long term risk of degradation of groundwater quality by the leaching waters.
The irrigation clearly leads to a decrease of the contents in nitrate and ammonium in the water extracts of soils, not only at the soil surface, but also in the deepest soil layer (see Table 3 and [15] ). DOC of the applied effluent, as well as the soil DOC fraction only represent small parts (0.01% up to 0.1%) of the total SOM in soils. It is also the more mobile and the further used C fraction for heterotrophic microbial communities involved in the N turnover. Kim and Burger, [23] showed that nitrogen supply by treated effluents favored nitrification and leaching of nitrate because the amounts of available nitrogen, supplied by the TW, largely exceed the plant demand. As seen in Tables 4 and 6, the control calcisol is naturally poor of nitrogen. The presence of active carbonates in this type of soil also usually causes natural inhibition of microbial activity, which is indicated in this present case by a C/N ratio above 70. Moreover, the CEC of the studied calcisol remains low compared to other equivalent to calcareous soils in which CEC reach values up to 20 cmol + ·Kg −1 [15, 34] . Due to the low CEC and to the elevated irrigation rate, ammonia cations supplied by the Sfax TW have limited chances of being absorbed by the soil. In such context, nitrate and ammonium contents occurring in the deepest layer are certainly deriving straight from the applied wastewater. The two mineral nitrogen ions are leached down to the root zone and risk to reduce the upper soil layer fertility. As a matter of fact, this can also cause degradation of the soil leaching water and consequently of the free groundwater below roots and transient zones. Apart from risks of degradation of groundwater quality, there are also concerns for the condition of the crop harvest. Indeed the excess of available mineral nitrogen in soil usually lead to the breaking of forage crops during the maturation stage (oat and soghum).
The previous studies have also identified losses in essential nutrients (Ca, Mg, K, Na, Cu, Zn, Mn) and soil acidification as others risks of degradation of the fertility of alkaline calcareous soils being irrigated by domestic effluents for several decades [5, 8, 10, 11] . In the studied case, the 15-year long wastewater irrigation has not affected the pH of the soil. This result can be explained by an important buffer capacity of the examined calcisol. Calcium represents the most abundant exchangeable base cation ( Table 3) . As seen along the two pedological pits, horizons of soil are nearly saturated in essential base cations ( Table 4) . Belaïd et al. [15] already mentioned significant linear correlations (p < 0.05) between the CEC and the contents of exchangeable cations added by the TW: Na + (R = 0.94), K + (R = 0.79) and Mg 2+ (R = 0.99). The quantitative analysis of pool changes for Ca and Na in the irrigated pedon validates the exchanges of natural Ca 2+ by the supplied Na + ( Table 5) . Exchangeable contents in Mg 2+ , K + and Na + , have generally increased only in the irrigated soil ( Table 3) . These cations developments are corresponding with its relatively high concentrations in the treated wastewater used for irrigation. Although total amounts in these essential cations have not significantly changed at the scale of the soil profile (Table 5) , there is a risk over the long term of loss of these elements due to the high rate of irrigation and low soil CEC ( Table 4) . On the other hand, due to the salinity of the Sfax's TW, important amounts of the supplied Na are leached down to the deepest horizon of soil in the irrigated field initiating sodification of groundwater.
CONCLUSION
The Sfax treated wastewater (TW) is particularly rich in available organic carbon and mineral nitrogen. Irrigation for 15 years with the Sfax TW has not significantly changed the pH of the studied calcisol and the SOC content of the topsoil layer. The results of the present study also confirm, under field conditions, processes previously identified in laboratory experiments about the impact of wastewater effluents on the quality of the soil organic matter. From a quantitative respect, the 15-yearlong irrigation by the Sfax TW has limited the loss of micro nutrients such as Mn and Zn. It has also supplied important amounts in most essential macro nutrients (P and N). The irrigation by the TW has also clearly enhanced the C and N turnover in the studied calcisol which fertility was naturally limited by the elevated content in active carbonates. If these beneficial effects could reduce the cost of mineral fertilization and aid the production of crops, the continuous use of the TW arises some questions concerning soil fertility and groundwater protection over the long term. In the case study, because of the elevated concentrations in sodium and salts of the applied TW, the beneficial activation of the microbial activity and the resulting availability of essential elements could be quickly inhibited. Moreover, due to the elevated irrigation rate and the low CEC of the soil, the TW irrigation has clearly increased the leaching of mineral nutrients such as nitrate and exchangeable K, Mg, and Na. Further irrigation, even with natural water, could stand for an imminent threat for the quality of the free watertable in the Sfax region by increasing concentrations in nitrate, sodium and salt. Apart from this problem, the excessive supply of salts and available nitrogen already constitutes a risk for the future crops production. However, since these speculations only concerned one calcisol filed, the validity of our conclusions need to be verified across a wider study area and for the other types of soils that were irrigated with the Sfax TW.
